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Antibiotics in the environment cause widespread concern as a result of their potent
inhibitory action on microbial growth and their role in potentially creating selective
conditions for proliferation of antibiotic resistant bacteria. Comprising a carbon
skeleton, antibiotics should be amenable to microbial biodegradation, but this is still
largely uncharted territory because of their simultaneous strong toxicity. In this study, we
estimated potential antibiotics degradation by and effects on mixed microbial communities
at concentrations sufficiently high to allow sensitive detection of biomass growth, but
simultaneously, low enough to mitigate their toxic action. We used three different mixed
inoculum sources freshly derived from freshwater, activated sludge or soil, and tested a
series of 15 antibiotics from different classes at 1 mg C-carbon l−1 dosage. Consistent
community growth was observed for freshwater and activated sludge with ampicillin,
erythromycin and chloramphenicol, and with sulfomethoxazole for activated sludge, which
was accompanied by parent compound disappearance. Community growth could be
attributed to a few subclasses of recognized cell types by using supervised machine-
learning-based classifiers. Most other tested antibiotics resulted in inhibition of community
growth on background assimilable organic carbon, concomitant with altered composition
of the resulting communities. We conclude that growth-linked biodegradation of antibiotics
at low concentrations may be present among typical environmental microbiota, but for a
selected subset only, whereas for the majority of antibiotics negative effects prevail without
any sign of productive growth.
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INTRODUCTION

Antibiotics are ubiquitously used and have become widely distributed in the environment at low
(ng—μg l−1) concentrations (Kümmerer, 2009; Ma et al., 2014; Carvalho and Santos, 2016). Mostly
being used to target pathogenic bacteria and infections, antibiotics act rather indiscriminately and
inhibit any sensitive non-target bacterium residing in the same microbiome (Raymann et al., 2017;
Grenni et al., 2018; Cycon et al., 2019). Even low (non-clinical) antibiotic concentrations are
suspected to lead to selection and outgrowth of tolerant and resistant bacteria (Atashgahi et al., 2018;
Cairns et al., 2018; Pa€rna€nen et al., 2019; Yang et al., 2019), resulting in altered compositions and
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diversity of microbiota (Grenni et al., 2018; Yang et al., 2019;
Tong et al., 2020). Hence, there is wide concern about the
environmental occurrence and fate of antibiotics. However,
while most studies have focused on selection of resistance
formation to antibiotics (Cairns et al., 2018; Li et al., 2010;
Pa€rna€nen et al., 2019; Paul et al., 2018), there is a clear lack of
knowledge on their biodegradation (Cycon et al., 2019; Reis et al.,
2020a; b). Having a better grasp on possible antibiotic
biodegradation reactions would potentially permit to develop
mitigation or treatment procedures that might alleviate some of
their negative ecological consequences.

As a result of their toxicity, microbial degradation studies with
antibiotics are difficult to carry out. Some studies have claimed
widespread existence of bacterial subsistence on antibiotics at
high (therapeutic, ∼1 mg ml−1) concentrations (Dantas et al.,
2008; Barnhill et al., 2010). However, ‘subsistence’ is relatively
poorly defined (a twofold increase of biomass or culturable
colonies in typical minimal media with the dosed antibiotic)
and not equivalent to compound mineralization. Other studies
have failed to reproduce antibiotics degradation at those
concentrations and, instead, have attributed observed growth
to other carbon-containing compounds in the used media
(Walsh et al., 2013), or managed to reproduce the effect but
could not show compound transformation (Bello Gonzalez et al.,
2015). As emphasized by some recent comprehensive review
studies (Cycon et al., 2019; Reis et al., 2020a; b), except for a
few compounds such as sulfomethoxazole or penicillin G, hardly
any solid data demonstrating biodegradation of antibiotics by
bacteria and fungi exists. Furthermore, although for some
compounds individual isolates producing possible metabolic
intermediates were found, in general most antibiotics appear
very recalcitrant and “non-biodegradable” (Cycon et al., 2019;
Reis et al., 2020a; b). In contrast, several antibiotic
biotransformation reactions are well documented, some of
which directly contribute to resistance mechanisms, as they
inactivate the inhibitory action of the parent compound
(Cycon et al., 2019; Reis et al., 2020a; b). There is thus a
major gap in the assessment of antibiotic biodegradation due
to the use of high (therapeutic) antibiotic concentrations for
microbial growth studies, which leads to toxicity and inhibition of
most microbes. This also causes selection for resistant or tolerant
microbes and not necessarily degrader bacteria. As a result, it
makes it difficult to determine any growth-linked biodegradation
of antibiotics by environmental microbial communities.

The aims of our study were to design experimental conditions
that would permit to quantify biomass growth at the expense of
single dosed antibiotics at low concentrations, and to
simultaneously study their effects on community compositions.
These concentrations would need to be below the typical minimal
inhibitory concentrations (MIC) (Obayiuwana et al., 2018) to
improve the chances to observe growth of bacterial strains using
antibiotics as sole carbon and energy source. However, considering
that the fraction of specialist degrader bacteria in environmental
microbiota is very low (Thouand et al., 2011; Johnson et al., 2015;
Martin et al., 2017), detection of specific growth at low compound
dosages becomes extremely challenging and can be confounded by
many factors.

Our hypothesis, therefore, was that productive utilization of
antibiotics by strains in the target inoculum may become
detectable as a growth surplus compared to a no–carbon
medium control. Liquid media frequently contain an estimated
100–150 µg assimilable organic carbon (AOC) l−1 (Özel Duygan
et al., 2021), which would be sufficient for growth of ∼106

cells ml−1 (Hammes and Egli, 2005; Vital et al., 2007; Vital
et al., 2008). We used starting concentrations of antibiotics of
0.1 or 1 mg C-carbon l−1, which in case of utilization for biomass
formation could potentially lead to an increase of 2–20 times the
background growth and, as such, become detectable. We tested
three inoculum sources (freshwater community; activated sludge
community and soil community), with a total of 15 antibiotics.
Community growth was quantified by flow cytometry counting of
fluorescent-stained cells in time incubation series. Potential
inhibitory effects of antibiotics on community growth and
compositional shifts were further analyzed by a previously
developed supervised machine-learning-based classifier that
classifies cell types from flow cytometry data (Özel Duygan
et al., 2020), and, in one case, by 16S rRNA gene amplicon
analysis. For a subset of antibiotics for which good analytical
methods were available, we quantified the fate of the parent
compound in the incubations compared to abiotic controls. Our
results indicate a few distinct cases of parent compound
disappearance concomitant with community growth that can
be attributed to a few cell types. For most antibiotics, however,
mostly inhibition and corresponding community compositional
shifts were observed.

MATERIALS AND METHODS

Sources of Microbial Communities
Three different samples were used as sources for the starting
communities to be tested for antibiotics effects. As freshwater
inoculum source, we sampled Lake Geneva water from nearby St.
Sulpice, Switzerland. 10 L of sample was recovered from right
below the water surface in a Teflon-carboy, transported to the
laboratory within 20 min and processed immediately, as
described previously (Özel Duygan et al., 2020).

Secondly, 1 L activated sludge was obtained from the effluent
Vidy Wastewater Treatment Plant (Lausanne, Switzerland). The
activated sludge samples were transferred in Teflon-containers to
the laboratory within 20 min and processed immediately. First,
the sample was aliquoted in 50 ml Falcon tubes, centrifuged at
3,000 rpm for 5 min and decanted, after which the cell pellets
were resuspended in 50 ml PBS (1X phosphate-buffered saline),
pooled and mixed in kitchen blender for 3 min to disrupt flocks.
The homogenized cell suspension was centrifuged at 800 rpm for
6 min to remove larger particles, the supernatant was decanted
and further centrifuged at 5,000 rpm for 5 min. The cell pellet was
then resuspended in PBS.

Finally, microbial cells were washed from 20 g of 2-mm sieved
forest topsoil (−5–−10 cm), nearby Dorigny, Switzerland,
following the protocol described by (Li et al., 2010). In short,
cells were detached by mixing with 2 g l−1 sodium pyrophosphate
solution at pH 7.5, then purified by sucrose density centrifugation
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TABLE 1 | List of antibiotics used in this study with chemical formula, molecular structure, mode of action and class (PubChem, https://pubchem.ncbi.nlm.nih.gov).

Name of the
antibiotic, (internal standard)

Chemical
formula

Molecular structure Mode of action Antibiotic class

Ampicillin (AMP), (Lidocain-D10) C16H19N3O4S Inhibition of cell wall synthesis Beta lactam
antibiotics

Cephalexin (CEP) C16H17N3O4S Inhibition of cell wall synthesis Beta lactam
antibiotics

Ciprofloxacin (CIP) C17H18FN3O3 Inhibition of bacterial DNA topoisomerase and
DNA-gyrase

Fluoroquinolone
antibiotics

Chloramphenicol (CHL),
(N4acetylsulfamethoxazole-D4)

C11H12Cl2N2O5 Blocks peptidyl transferase (protein synthesis) Beta lactam
antibiotics

Erythromycin (ERT), (Erythromycin-D3) C37H67NO13 Blocks transpeptidation and translocation by
binding to 23S rRNA (protein synthesis)

Macrolide

Gentamycin (GEN) C21H43N5O7 Irreversibly binds to 30S ribosomal subunit leading
to misreading tRNA

Aminoglycoside

Meropenem (MER) C17H25N3O5S Components of cell wall synthesis impaired Beta lactam
antibiotics

N4-Acetylsulfamethoxazole (NSMX) C12H13N3O4S Metabolite of Sulfomethoxazole Sulfonamide

Nalidixic acid (NAL), (Carbamazepin-D8) C12H12N2O3 Inhibition of DNA gyrase subunit A Quinolone

Penicillin G (PEN), (Carbamazepin-D8) C16H18N2O4S Inhibition of cell wall synthesis Beta lactam
antibiotics

Rifampicin (RIF) C43H58N4O12 Transcription inhibition through binding to RNA
polymerase

Rifamycin

Sulfamethoxazole (SMX),
(Sulfamethoxazole-D4)

C10H11N3O3S Interference with folic acid synthesis Sulfonamide

(Continued on following page)
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and Nycodenz centrifugation-concentration. Cells were finally
washed and diluted in PBS.

For all community preparations, the cell suspensions were
kept on ice, serially diluted, stained with SYBR Green I (see
below) and measured by flow cytometry to determine the cell
density. Three to five replicate samples of the starting material
were stored at −80°C for later DNA isolation and 16S rRNA gene
amplicon community sequencing (see below). Incubation
experiments were then started immediately.

Glassware andMineral MediumPreparation
In order to minimize interference of background AOC, all Schott
borosilicate glassware (500 ml flasks) was rinsed with 6M HCl
four times, then four times withMilliQ water to eliminate residual
carbon from dishwasher cleaning. Air-dried flasks were covered
with aluminium foil and autoclaved. Artificial lake water (ALW)
medium was prepared in 5-L size HCl-treated and sterile glass
bottles as previously described (Özel Duygan et al., 2021). ALW
contains, per L: 36.4 mg CaCl2·2H2O, 0.25 mg FeCl3·6H2O,
112.5 mg MgSO4·7H2O, 43.5 mg K2HPO4, 17 mg KH2PO4,
33.4 mg Na2HPO4·2H2O, and 25 mg NH4NO3, pH � 7.0. For

each experiment, the ALW medium was prepared 1 day before
starting the incubations and kept at 4°C; then filter-sterilized by
passage through a 0.2–µm membrane.

Antibiotic Incubation Experiments
Washed and recovered freshwater, activated sludge and soil
microbial community suspensions were diluted to a starting
concentration of 105 cells ml−1 in 100 ml ALW in a 500 ml
prepared Schott flask, closed with Teflon-lined septa and caps. A
set of 14 antibiotics was selected on the basis of their mode of
action (Table 1), which were dosed individually to each flask at a
concentration of either 0.1 or 1 mg C L−1. As positive control we
included 1 mg C l−1 of phenol, whereas non-amended flasks
with medium only functioned as no-carbon controls for
background growth. Per antibiotic or control three replicate
flasks were prepared, which were incubated in the dark at
150 rpm rotary movement and 21°C for a maximum of
8 days (Table 2). Samples (1 ml) were withdrawn each day in
a sterile laminar flow hood without opening the caps, using a
syringe and long hypodermic needle. Samples were used for
community size measurements (flow cytometry) and antibiotic

TABLE 2 | Overview of the experiments.

Inoculum source Antibiotics tested Carbon
dosage
[mg C
l−1]

Initial cell
density
[cells
m−1]

Inoculum sampling
date

End of experiment Sampling
days

Freshwater All compounds in Table 1 0, 1 100,000 March 6, 2019 March 12, 2019 0, 1, 2, 3, 5, 6
Activated sludge All compounds in Table 1 0, 1 100,000 March 20, 2019 March 25, 2019 0, 1, 2, 3, 5
Activated sludge AMP, CHL, ERT, GEN, NAL, PEN, SMX 0, 0.1, 1 100,000 November 27, 2019 December 5, 2019 0, 2, 6, 8
Soil AMP, CHL, ERT, GEN, NAL, PEN,

SMX, PHE
0, 1 100,000 May 1, 2019 May 8, 2019 0, 1, 2, 5, 7

Amplicon sequencing—inoculum preparation date
Freshwater (3 replicates) January 30, 2019
Activated sludge (3
replicates)

November 27, 2019

Soil (5 replicates) February 19, 2019

TABLE 1 | (Continued) List of antibiotics used in this study with chemical formula, molecular structure, mode of action and class (PubChem, https://pubchem.ncbi.nlm.
nih.gov).

Name of the
antibiotic, (internal standard)

Chemical
formula

Molecular structure Mode of action Antibiotic class

Tetracycline (TET) C22H24N2O8 Binds to 30S ribosomal subunit and blocks tRNA
from binding

Tetracyclines

Trimethoprim (TRI) C14H18N4O3 Inhibits dihydrofolate reductase (thymidine
pathway)

Sulfonamide

Vancomycin (VAN) C66H75Cl2N9O24 Inhibition of cell wall synthesis Glycopeptide
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concentrations (liquid chromatography mass spectrometry) as
explained below.

Flow Cytometry and Cell Type
Fingerprinting
Community samples (200 µL) were stained with 2 µL SYBR
Green I (from a dilution of 10 µL original stock in 1 ml
DMSO, Molecular Probes) and incubated in 96-flat-bottom-
well-plates in the dark for 15 min. In case of counting dead
cells, we additionally added 2 µL propidium iodide (from a
dilution of 10 µL original stock in 1 ml DMSO, Molecular
Probes). 20 µL of the stained samples were then aspired at
14 μL min−1 at a sample acquisition rate of (maximally) 35,000
events s−1 on a NovoCyte flow cytometer (ACEA Biosciences,
Inc.), with thresholds as described previously (Özel Duygan et al.,
2020). Seven parameters (FITC-A, FITC-H, FSC-A, FSC-H, SSC-
A, SSC-H and Width) were recorded for each cell.

Data sets were exported as .csv files for analysis. Cells with
negative values in any of the parameters were removed and only
cells passing all thresholds were counted. Cells were additionally
classified into a set of 32-predefined types (see Table 3) by using
five independently acquired algorithms derived from a machine-
learned pipeline for cell type classification (CellCognize) (Özel
Duygan et al., 2020). For classification we used the maximum

probability score for each cell of belonging to any of the 32 classes,
as described previously (Özel Duygan et al., 2020).

Analytics of Targeted Antibiotics
Based on preliminary experiments, ampicillin, chloramphenicol,
erythromycin, nalidixic acid, penicillin and sulfamethoxazole
were selected for chemical analysis. Samples (1 ml) from
community incubations were centrifuged for 5 min at
15,000 rpm to remove cells, and 1 ml supernatant was
transferred to an amber glass vial, which was capped and
stored at –20°C until analysis.

For analysis, samples were thawed and diluted 100 times with
ALW medium, and then spiked with internal standard solution
(0.1% v/v; final concentration in the samples 0.05 μg L−1). The
internal standard solution consisted of 13C-isotope-labeled
equivalents of the target antibiotics (see Table 1) with similar
chromatographic retention time, dissolved in ethanol (stock
concentration of 50 μg L−1). Each targeted antibiotic was
dissolved individually and diluted to prepare calibration
curve standards (between 100 ng L−1 and 50 μg L−1), which
were also spiked with the same internal standard solution.
Samples and calibration standards were analyzed by liquid
chromatography coupled to high-resolution mass
spectrometry, and for analysis, 20 µL were injected.
Chromatographic separation was performed over a reversed-

TABLE 3 | CellCognize classes.

Full name of CellCognize classes Abbreviation

Acinetobacter johnsonii Subpopulation 1 AJH1
Subpopulation 2 AJH2

Acinetobacter tjernbergiae Subpopulation 1 ATJ1
Subpopulation 2 ATJ2

Arthrobacter chlorophenolicus Subpopulation 1 ACH1
Subpopulation 2 ACH2
Subpopulation 3 ACH3

Bacillus subtilis Subpopulation 1 BST1
Subpopulation 2 BST2

Caulobacter crescentus Subpopulation 1 CCR1
Subpopulation 2 CCR2

Cryptococcus albidus CAL
Escherichia coli DH5α-λpir ECL
Escherichia coli MG1655 Exponential phase (in LB medium) ECL_EXP3 (MG1)

Stationary phase (in LB medium) ECL_STAT_LB (MG2)
Stationary phase (in Mineral Medium) ECL_STAT_MM (MG3)

Lactococcus lactis LLC
Pseudomonas knackmussii PKM
Pseudomonas migulae PMG
Pseudomonas putida PPT
Pseudomonas veronii Subpopulation 1 PVR1

Subpopulation 2 PVR2
Sphingomonas wittichii SWT
Sphingomonas yanoikuyae SYN
0.2 µm bead B02
0.5 µm bead B05
1 µm bead B1
2 µm bead B2
4 µm bead B4
6 µm bead B6
10 µm bead B10
15 µm bead B15
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phase C18 Atlantis T3® column (3 mm × 150 mm, 3 µm particle
size). Mobile phase comprised of nanopure water (solvent A)
(18.2 MΩ-cm-resistivity) and methanol (solvent B), both
acidified with 0.1% formic acid, and were used to generate
the following binary gradient elution profile: 0/95/95/5% B at
0/18.5/28.5/29 min at a flow rate of 0.3 ml min−1. HPLC eluates
were introduced into a high-resolution mass spectrometer (Q
Exactive Orbitrap, Thermo Scientific) via an electrospray
ionization (ESI) probe operated in both positive and negative
switching mode (4 kV/3 kV spray voltage, 325°C capillary
temperature, 40 arbitrary units (AU) sheath gas, 15 AU
auxiliary gas, 0 AU sweep gas, and 40°C auxiliary gas heater
temperature). Mass spectra was acquired in full-scan mode at a
mass resolution of 140,000 (FWHM at m/z 200) and the scan
range was between 50 and 750 m/z. Data were analyzed using
XCalibur software (Thermo Scientific, United States) for
quantitative analysis with reference standards (the Quan
Browser) and for the identification procedure (the Qual
Browser).

Solid-Phase Microcolony Growth
Selected community enrichments on antibiotics were sampled
and directly spreaded (1–5 µL) on MicroDish® platforms
(Ingham et al., 2007) placed on 2 mm thick silica gel disks in
ALW medium medium at pH 7, containing 1 mg C L−1 of the
same target antibiotic (ampicillin, chloramphenicol,
erythromycin, nalidixic acid, penicillin, or sulfamethoxazole).
MicroDish-es were incubated for 3 days at 21°C, after which
colonies were photographed on an inverted AF6000 LX
epifluorescence microscope (Leica AG, Germany) equipped
with a DFC350FXR2 camera at 40-fold magnification. Visible
larger microcolonies were picked from the MicroDish surface
using a MiBot mobile robot equipped with a stainless-steel
sterilized needle (Imina Technologies, SA). Needles with
colony material were transferred into 4 ml closed-cap teflon-
lined glass vials with 1 ml ALW. After resuspending cells from the
needles for 24 h at 150 rpm rotary movement, the cell density was
measured by flow cytometry, after which the ‘pre-cultures’ were
replicated to 104 cells ml−1 at start into three vials each, either

FIGURE 1 | Species abundance in the target microbial communities. (A) Species distribution in activated sludge (Vidy Wastewater Treatment Plant), freshwater
(Lake Geneva water) and top soil (University of Lausanne forest) microbiota determined from 16S rRNA amplicon sequencing. Read numbers normalized from summed
(activated sludge and lake water, n � 3; soil, n � 5 replicates) subsampled down to 23′000 reads and its distribution over determined operational taxonomic unit (OTU),
shown in semi-log plot. (B) Multidimensional scaling (MDS) plot of microbial communities Bray-Curtis dissimilarity based on relative abundance of subsampled
(23,000) sequence reads. Circles and squares show individual replicates. (C) Cumulative proportion of sequence reads per determined OTU in the target microbiota.
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dosed with the same antibiotics as used for enrichment
(1 mg C l−1) or with medium only (no-carbon control). Vials
were incubated and sampled as before for cellular growth.

Community Composition Analysis by 16S
rRNA Gene Amplicon Sequencing
DNA was isolated from the time samples from one of the
activated sludge incubation experiments, and from the
freshwater (n � 3 replicates), activated sludge (n � 3
replicates) and soil inoculum suspensions (n � 5 replicates).
Cells were collected from the samples by filtration on a
Sartorius in-line filter holder (25 mm, polyethersulfone
0.22 µm, Sartorius), prewashed with 70% (v/v) ethanol in
water, then rinsed three times with MilliQ water and air dried,

UV-treated for 30 min and assembled to the vacuum line. Filters
with cells were rolled with the help of sterile tweezers and stored
at −80°C in 2-ml centrifuge tubes of the FastDNA™ Spin Kit for
Soil DNA extraction kit (MP Biochemicals) until processing.
DNA was extracted using the protocol provided by the
supplier (MP Biochemicals). Aliquots with 10 ng DNA were
used to amplify the V3-V4 hypervariable region of the 16S
rRNA gene using the 341f/785r primer set, Illumina adapters
and barcodes, and PCR conditions, as indicated in the Illumina
Amplicon sequencing protocol (https://supportillumina.com/
documents/documentation/chemistry_documentation/16s/
16smetagenomic- library-prep-guide-15044223-b.pdf). Equal
amounts of amplified purified barcoded DNAs per sample
were pooled and sent for bidirectional sequencing on the
Illumina MiSeq platform at the Lausanne Genomic

FIGURE 2 | Microbial community growth on antibiotics as sole carbon and energy source. (A–C) Freshwater, activated sludge and forest top soil microbial
community growth by flow cytometric cell counts during incubations with antibiotics. Shaded areas (green, yellow or brown bars) correspond to average background
growth on triplicate no-carbon controls (NoC). (D) Comparison of mean community productivity (Area Under Curve; AUC) during incubation experiments (up to 6 days)
with freshwater, activated sludge and forest top soil microbial communities (nbatch � 3 for each condition). The gradient color scale shows fold changes compared to
no-carbon control. *indicates significant difference to no-carbon control (paired t-test).
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Technologies Facilities. Raw sequences were separated by
barcode, then quality-filtered, concatenated, verified for the
absence of chimera, dereplicated and mapped to known
bacterial taxonomy using QIIME2 on a UNIX platform
(Bolyen et al., 2019) at 99% similarity to the SILVA taxonomic
reference database.

Statistics
Multidimensional scaling plots based on Bray-Curtis dissimilarity
of the sample replicates were derived from the relative abundance
of either each taxon (i.e., 16S rRNA amplicon sequence reads at
SILVA taxonomy level 6) or CellCognize class (i.e., FCM
fingerprints deconvoluted into 32 classes) in the phyloseq
package in R.

Significance of enriched taxa (i.e., at SILVA taxonomy level 3,
Class) in an antibiotic-incubated sample versus the no-carbon
control at the same incubation time point comparison of
triplicate community was calculated using the mattest function
(MatLab 2019a) under 1,000 permutations, with a fold change
cut-off 10, a false-discovery rate of 0.05 and a q value of 0.05.

Significance of mean community productivity or cell type
productivity in an antibiotic-incubated sample versus the no-
carbon control comparison of the triplicates was calculated using
paired t-test (0 for p > 0.05, 1 for p < 0.05).

RESULTS

Species Distribution in Targeted Microbial
Communities
In order to address the capacity of resident microbial
communities to subsist on antibiotics, we prepared
communities of washed cells from freshwater, activated sludge
or forest top soil. All three community inocula covered a wide
phyla diversity (Figure 1A) but were distinct in multidimensional
scaling plots based on relative abundances of assigned operational
taxonomic units (OTU, 99% similarity to SILVA taxonomy of 16S
rRNA genes) using Bray-Curtis distance (Figure 1B).
Distributions of relative OTU abundances were skewed with
151 (activated sludge), 150 (freshwater) and 439 (soil) OTUs
making up 90% of all detected taxa (Figure 1C). The proportion
of potentially compromised or dead cells (i.e., propidium iodide
positive in flow cytometry) in the washed communities varied
from low (2%) in freshwater to high in soil (75–80%). This
viability difference may have had effects on detectable
community growth within the duration of our assays, as we
explain below.

Microbial Community Growth on Antibiotics
as Sole Carbon and Energy Source
In order to assess whether antibiotics can be used as substrates for
growth, the recovered and washed microbial communities were
diluted to 105 cells ml−1 at start in closed batch liquid
suspensions, dosed with individual antibiotics, and quantified
over time (Table 1, n � 3 replicates per antibiotic, dissolved to 0.1
or 1 mg C l−1 - calculation based on compound carbon mass).

Community growth was quantified by flow cytometry counting of
SYBR Green I-stained cells. Community size increase in presence
of antibiotics was compared to that of a no-added carbonmedium
control, consisting of the used mineral salts and its inherent
background AOC, and further to a positive control, consisting of
the same medium with added 1 mg C l−1 phenol, a readily
biodegradable reference compound (Özel Duygan et al., 2021).

As expected, the community size in the no-carbon control
increased after 5–6 days of incubation to between 2–5 × 105

cells ml−1 depending on the source inoculum, indicative for
utilisation of the medium-inherent AOC (Figures 2A–C;
overview of all antibiotics shown in Supplementary Figures
S1–S3). Incubations with phenol at 1 mg C l−1 led to
significantly higher growth of freshwater or activated sludge
bacteria to 1–2 × 106 cells ml−1 within 6 days (Figures 2A,B).
This was interpreted as a measure for the inherent viability of the
inoculum sources, and was subsequently contrasted to potential
growth on antibiotics and/or their inhibitory action.

Addition of antibiotics frequently caused an initial decrease in
the community sizes compared to those in the no-carbon
controls, which may be due to cell lytic action (e.g. day 0 and
day 1 in Figures 2A–C). In comparison to the no-carbon control,
the freshwater community size increased more during incubation
with ampicillin (AMP) or erythromycin (ERT) at 1 mg C l−1

(Figure 2A). In contrast, sulfamethoxazole (SMX) had no
effect whereas tetracycline (TET) and most other antibiotics
(Supplementary Figure S1) caused clear inhibition of the
freshwater community growth compared to the no-carbon
control (Figure 2A). With activated sludge inoculum,
community sizes increased more with 1 mg C l−1 of AMP or
ERT compared to the freshwater communities, and also showed
increased growth with SMX compared to the no-carbon control
(Figure 2B; for all compounds, see Supplementary Figure S2).
Chloramphenicol (CHL) at 0.1 mg C l−1 yielded net growth above
that of the no-carbon controls with both inocula (Supplementary
Figures S1–S2). Finally, with soil inoculum, neither AMP nor
ERT, but in this case nalidixic acid (NAL) yielded net community
growth within 5 days, whereas most others resulted in
community decline (Figure 2C; for all antibiotics, see
Supplementary Figure S3). As discussed below, the starting
soil inoculum showed reduced cell viability as inferred from
propidium iodide staining and from the lack of growth on
PHE. This impeded proper interpretation of growth with
dosed antibiotics, and we did not further consider the soil
community data in our results.

Given that changes in community size were different in rate
and magnitude for dosed compounds (e.g. Figures 2A–C,
Supplementary Table S1), we compared compound effects
relative to a calculated cumulative “area-under-the-curve”
(AUC) as in (Piccardi et al., 2019), rather than relative to
maximum community “yield” or a community growth rate, as
illustrated in Figures 2A–C. The fold-change normalized ratio of
AUC for antibiotic-incubated communities in comparison to the
no-carbon control, showed statistically significant increases for
AMP, ERT or CHL for both freshwater and activated sludge
inocula, and for SMX for the activated sludge inoculum
(Figure 2D; Supplementary Table S1). Consistent neutral

Frontiers in Environmental Science | www.frontiersin.org September 2021 | Volume 9 | Article 7372478

Özel Duygan et al. Antibiotics Biodegradation at Low Concentrations

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


effects (i.e., no statistically significant difference in AUC
compared to that in the no-carbon controls) were observed
upon addition of vancomycin, nalidixic acid, penicillin or
rifampicin at 1 mg C l−1 (Figure 2D, Supplementary Figures
S1–S5). In contrast, addition of trimethoprim (TRI), tetracycline
(TET), meropenem (MER), cephalexin (CEP), ciprofloxacin
(CIP) or gentamicin (GEN) at 1 mg l−1 reproducibly led to a
significant decrease of community AUC across all experiments,
indicative of inhibition of the growth of the microbial
communities compared to the no-carbon controls (Figure 2D,
p < 0.05, n � 3 biological replicates).

We attempted to isolate potential antibiotics-utilizing strains
from the primary enrichment cultures. Although plating of the
communities with increased AUC on silica-gel surface with
artificial lake water (ALW) medium consisting of 1 mg C l−1 of
the same antibiotics led to formation of colonies, none of those in
isolation were capable of growing in ALW liquid medium with
the same antibiotics. These colonies are therefore likely to have
been false positives, opportunistically growing on traces of AOC
in ALW medium. Alternatively, their growth may have been due

to interdependent cooperative interaction among colonies (for
details, see Supplementary Text S1). In conclusion, these results
showed that few antibiotics led to consistent net community size
increase compared to no-carbon controls, which is a first
indication for biomass growth that can be attributed to
antibiotic dosing. Most others showed inhibitory to neutral
effects on community growth.

Disappearance of Antibiotics Dosed as Sole
Carbon and Energy Source
The maximum fold-increase of AUC in incubations with dosed
antibiotics was between 1.8 (CHL)—4.6 (SMX) (Figure 2D). In
order to understand whether this increase could have been due to
utilization of the dosed antibiotic as carbon or nutrient substrate,
wemeasured concentrations of a selected number of antibiotics as
a function of incubation time in the communities (Figure 3,
Supplementary Table S2). In the freshwater community, the
observed increase in AUC, compared to no-carbon controls,
during incubation with AMP and ERT was accompanied by a

FIGURE 3 | Antibiotic concentrations during incubation experiments with (A) freshwater, (B) activated sludge microbial communities in triplicate batches.
Measurements at first sampling points (t:0) were shown in brackets as the sampling was done from the working stock solutions instead of individual closed batches for
each condition (which may have caused the apparent concentration “increase” for AMP between start and day 1 sample). (C) Abiotic control experiment with the test
compounds in ALWmedium. Antibiotic concentrations of the target antibiotics in biotic or abiotic conditions are given in Supplementary Table S2. (D) r-squared
values and slope of the trendlines of the target antibiotics (shown in (A–B)) during incubation experiments including all sampling points. (E) Sorption control experiment
with antibiotics at initial biomass density of 100,000 cells per ml.
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FIGURE 4 | Identifying community variations from flow cytometric fingerprints. (A) Community cell type comparisons based on predefined 32 cell types. Dots
(paired between treatments and no added carbon control series) represent absolute cell type abundances per replicate (nbatch � 3). Cell types shifting upwards of the
diagonal line show enrichment as a function of added substrates. (B) Specific cell type productivity (Area Under Curve; AUC) during incubations of freshwater (t � 6 days)
or activated sludge (t � 5 days) microbial communities. Pink dash lines show average of triplicate flasks. Shaded area shows mean productivity of No C series.
Significance values are presented as 0 or 1 (true, false for p values <0.05). (C) Specific cell type growth during incubations of freshwater (left) or activated sludge (right)
microbial communities in triplicate batches.
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decrease in antibiotic concentration (Figure 3A), whereas SMX
concentrations remained the same. In the activated sludge
incubations, all three compounds (AMP, ERT and SMX)
decreased in concentration (Figure 3B). Parallel abiotic
controls in ALW did not show any decrease of antibiotics
concentration (Figure 3C). Without assuming any kinetic
model but taking into account all time points measured, the
concentration decreases were statistically significant (i.e., negative
slopes of trend lines and r2 > 0.5, Supplementary Table S3) for
AMP in both inocula, and for ERT and SMX in activated sludge
(Figure 3C). The decrease was not due to sorption of the
antibiotic to microbial biomass (Figure 3E), suggesting that it
was due to biotransformation and may have led to the increase of
community AUC. Also, the observed significant increase in
community AUC with CHL (Figure 2D) was accompanied by
its frequent disappearance in the medium (Supplementary Table
S2), suggesting biotransformation.

Antibiotics Cause Distinguishable
Population Variations Within Communities
Community growth as a whole (e.g. AUC) may mask smaller
magnitude enrichments among microbial subgroups within the
communities. In order to further quantify such small-magnitude
enrichments in the freshwater and activated sludge microbial
communities during antibiotic incubation, we classified microbial
cell types from the multidimensional flow cytometry data by
similarity to a set of predefined 32 cell standards using a
supervised machine-learning classifier (CellCognize) (Özel
Duygan et al., 2020). Although CellCognize has no a priori
knowledge on the taxa distribution in the used source
communities, it calculates for each cell in the flow cytometry

data the probability of similarity to one of the predefined 32
classes. As a first approximation, we used and report here the best
class attribution for any cell. By plotting all class attributions for
antibiotic incubations at all time points and replicates versus the
corresponding no-carbon control, one can easily distinguish
whether aberrations occur (i.e., enrichment or inhibition) in
specific cell type populations during an incubation. For
example, in the freshwater community incubations, addition of
AMP or ERT led to an absolute increase of a variety of distinct cell
type populations in comparison to the no-carbon control.
Various cell type populations also became enriched in
incubations with phenol, indicating that such enrichments
truly represent growth of specific populations in the
community (PHE, Figure 4A). In contrast, SMX did not cause
major changes in cell type populations in the freshwater
community, whereas gentamycin (GEN) inhibited growth of a
variety of classes but not all (Figure 4A). Similarly, with activated
sludge as inoculum, addition of SMX caused the most drastic
increase of different cell type populations, but less so with AMP or
ERT, and not visible for GEN (Figure 4A). These results are in
agreement with the total community size data and the conducted
antibiotic concentration measurements.

Considered as the growth of individual cell type populations
(e.g., as their AUC in comparison to that in the no-carbon
controls), the major enrichments for phenol (PHE) in the
freshwater community occurred in the classes represented by
the cell standards MG1, AJH2, and MG3 (Figure 4B,
Supplementary Figure S4). Class enrichments were selective,
because in the activated sludge source community on phenol
other classes appeared (i.e., PVR1, Figure 4B), whereas, for
example, the abundant class B02 did not react to phenol at all
(Figure 4B, for a full representation of all classes, see

FIGURE 5 | Effects of dead cells on background microbial community growth. (A) Community cell type comparison based on deconvoluted FCM fingerprints of
freshwater microbial community into 32 CellCognize classes between the two conditions (i.e., no-carbon controls with or without addition of 25% of pasteurized dead
cell community). Scattered dots represent absolute cell type abundances per replicate (nbatch � 4). (B) Cell type productivity (AUC) comparison between the two
conditions for each CellCognize class. Significance level was calculated based on paired t-test (n � 4). 0 and 1 indicate significance level of p > 0.05 and p < 0.05,
respectively.
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FIGURE 6 | Freshwater or activated sludge community composition after incubation with antibiotics at nominal initial concentrations of 0.1 and 1 mg C L−1. (A)
Community composition clustering based on Bray-Curtis dissimilarity distance (phyloseq package in R) of antibiotics or no added carbon control series (nbatch � 3) for
16S rRNA gene amplicon sequence SILVA-classified reads at taxonomy level 7 (stress 0.1438, rmse � 0.000162). Significance of treatment circumfered with
transparently coloured ellipsoids is 0.262. (B) Community composition clustering based on Bray-Curtis dissimilarity distance (phyloseq package in R) of antibiotics
or no added carbon control series for flow cytometric fingerprints deconvoluted into 32 cell types. Transparently coloured ellipsoids circumfere individual replicates per
time points of incubations for treated activated sludge inoculum source. (C) Log10 normalized relative abundance of sorted Orders (taxonomy level 4) for each treatment
condition compared to NoC after 8 days incubation (the same activated sludgemicrobial community experiment as in (B). (D)Comparison of cell type productivity (AUC)
of the incubation of freshwater community with gentamycin (top) or tetracycline (bottom) to no-carbon control (nbatch � 3). Significance of treatment effect was calculated
with paired t-test (+is for p < 0.05 and—is for p > 0.05).
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Supplementary Figure S4). A single class enrichment
(represented by the cell type population PVR1) stood out in
freshwater community incubations with AMP or ERT
(Figure 4B), with other minor ones detectable as well
(Supplementary Figure S6), which was consistent with total
community growth and antibiotic disappearance. Interestingly,
other antibiotics such as ciprofloxacin (CIP) also led to significant
increases of cell type populations (here AJH2, Figure 4B), but this
was too small an effect to be observed at community size level. A
different profile was observed for class enrichments with activated
sludge inoculum, where AMP led to increases in cell type
populations represented by the MG1 and AJH2 cell standards,
and SMX enriching a variety of classes, suggesting implication of
various different types of bacteria (Figure 4B, for a full
representation of all classes, see Supplementary Figure S5).

Enrichment of the identified cell type populations was visible
as specific subclass “growth” over time. For example, in
comparison to freshwater community growth in the no-carbon
controls, class B02 did not specifically enrich with AMP
(Figure 4C, AMP-B02 versus NoC-B02), whereas class PVR1
increased rapidly (Figure 4C, AMP-PVR1, Supplementary
Figure S6). Growth of the same cell type population also
occurred with ERT but not with PHE, indicating selective
response; despite the relatively coarse attribution of 32 cell
type populations in our analysis (Figure 4C, ERT-PVR1 and
PHE-PVR1). Freshwater community growth on phenol was again
specific for class MG1 (Figure 4C, NoC-MG1 versus PHE-MG1).
Growth of cell type populations within the activated sludge
inoculum was different, with slower growth on AMP (e.g., cell
type populations AJH2 and MG1), and variable growth for ERT
and SMX (Figure 4C, note different abundance scales,
Supplementary Figure S7). These examples thus indicate that
the observed community growth in some cases (e.g., AMP and
SMX) was due to distinguishable growth of a small number of cell
type populations. In other cases (e.g., CIP), a single cell type
population detectably and selectively grew but its size was
insufficient to cause a significant effect on the total
community size. In summary, the differentiation and
quantification of cell type populations within the community
strongly suggested selective responses to the antibiotics,
potentially as a result of their biotransformation and usage as
growth substrate.

Effects of Dead Cells
Addition of antibiotics to mixed communities could potentially
lead to cell death, which then on its turn could provide sources
of carbon and nutrients for growth of subpopulations of cells
within the community. Therefore, we repeated incubations of
freshwater community with ALW medium only or with ALW
mixed with 25% of pasteurized dead cell community (assuming
this would lead to nutrient release). Growth of the communities
in these conditions was not significantly different, neither in
selective enrichment or decrease of identifiable cell type
populations (Figure 5A), nor in cell type productivities
during 6 days of incubation (AUC, Figure 5B, p > 0.05).
Therefore, we concluded that it is unlikely that released
carbon from dead cells upon antibiotic dosing would cause

the observed selective cell type population growth in antibiotic
incubations.

Community Composition Changes Induced
by Antibiotics
In order to better understand the effects of the dosed antibiotics
on the communities as a whole (including potential inhibitory
action), we further investigated community composition changes
by CellCognize class attribution from flow cytometry data and
16S rRNA gene amplicon sequencing analysis on an independent
activated sludge inoculum experiment.

Community compositions distinguished on multidimensional
scaling (MDS) of CellCognize class attributions showed clear
effects for most of the antibiotics in samples after 5–6 days, both
for freshwater and activated sludge inoculum, explaining 57 and
74% of variance, respectively, in two dimensions (Figure 6A).
Activated sludge inoculum contrasted to freshwater inoculum
with apparent compositional MDS distances in incubations with
SMX and RIF compared to their no-carbon and phenol controls
(PHE). The MDS distance between CIP-incubated samples and
the others was more striking for freshwater than activated sludge
inoculum (Figure 6A). Addition of TET and AMP caused
obvious community deviations for both inoculum sources,
whereas the other antibiotics resulted in lesser variation
compared to the no-carbon controls (Figure 6A). When
shown on the same MDS plot, inoculum-dependent clustering
of the antibiotics effects was significant (stress � 0.152664, rmse �
0.09952, p � 0.003 Supplementary Figure S8).

Based on 16S rRNA gene amplicon analysis of an independent
activated sludge inoculum experiment, antibiotics amendment at
two different concentrations (0.1 and 1 mg C l−1) led to significant
community composition changes after 8 days of incubation (stress
0.1438, rmse � 0.000162, Figure 6B), but partly overlapping
individual antibiotic- and concentration-effects (p � 0.262 for
“treatment”). GEN, SMX and AMP deviated the most from the
corresponding no-carbon controls, whereas CHL, ERT, PEN and
NAL deviated less (Figure 6B).

16S rRNA gene amplicon analysis further suggested 7 out of 51
detected Classes to have a significantly changed relative
abundance upon antibiotic addition, in comparison to the no-
carbon control, after 8 days (Supplementary Figure S9; false
discovery rate <0.05, q-value < 0.05). Depending on the dosed
antibiotic, both decreases and increases compared to the no-
carbon control (considered as inhibition and enrichment,
respectively) were found within the same Class (see, for
instance, the contrasting effects of AMP and CHL in the
Actinobacteria and Bacteroida in Supplementary Figure S9).
Gammaproteobacteria had the highest abundance in the initial
community as well as after incubation with antibiotics and in the
no-carbon control (Supplementary Figure S9).

Since the community size data had also suggested inhibitory
responses by addition of antibiotics compared to no-carbon
controls as mentioned above, we further compared log
normalized relative abundances of sorted Orders (taxonomy
level 4) based on the means of no-carbon controls for each
antibiotic treatment condition after 8 days incubation.
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Members of the Myxococcales were frequently among the most
inhibited, and in a concentration-dependent manner (CHL,
GEN, SMX, Figure 6C). Also, members of the
Sphingobacteriales, Cyanobacteria and Bdellovibriales were
found specifically inhibited compared to no-carbon control
(Figure 6C). In terms of the CellCognize differentiation,
inhibition was frequently observed in the abundant B02, B05
and CCR1 classes (Figure 6D, examples GEN and TET for
freshwater inoculum). These represent small cell sizes (e.g.,
B02 and B05) and curved bacteria (e.g., CCR1). These results
thus showed that antibiotics cause selective inhibition on
communities, which is inoculum source- and taxonomy level
or cell type-dependent.

DISCUSSION

Our study aimed to answer to what extent antibiotics with
varying modes of action may be used as growth substrate at
sub-MIC clinical levels (0.1 or 1 mg C L−1) (Obayiuwana et al.,
2018) by diverse microbial community members. In conjunction,
we studied how community composition is influenced by the
exposure to the antibiotics, assuming both growth, neutral or
inhibitory effects. We found some evidence for growth-linked
biodegradation of antibiotics by regular environmental
communities in fresh water, activated sludge or soil, even at
low carbon concentrations. For ampicillin, erythromycin,
chloramphenicol, and sulfomethoxazole, we found consistent
community growth, which was accompanied by parent
compound disappearance. Nalidixic acid also led to
community growth but this was not verified by parent
compound measurements. Our results were further supported
by identification of specific cell type populations within
communities for which we could demonstrate growth upon
antibiotic amendment, suggesting these might consist of
bacterial species that can profit from the antibiotics as carbon,
nitrogen or energy substrates. For the remainder of the tested
antibiotics, we found no evidence for community growth or
specific increases of certain cell type populations, except for
one case of distinct growth of a cell type similar to AJH2 with
ciprofloxacin that was too small to lead to detectable community
growth. Rather, most antibiotics led to inhibition of community
growth on background AOC, and caused further clear changes in
community composition.

Although biotransformation of selected antibiotics has been
reported (Dantas et al., 2008) and individual strains using
antibiotics as growth substrates have been isolated as recently
summarized in (Reis et al., 2020a; b), there is still a lot of
uncertainty about the fate of antibiotics in environmental
microbial communities. Classical biodegradation studies and
strain isolations are hampered and limited by the high toxicity
of individual antibiotics, and have led to confusing and
contradictory results (Walsh et al., 2013). Consequently,
enrichment studies would have to be done at lower
(0.1—1 mg C l−1) or even environmentally relevant antibiotic
concentrations (<1 μg C l−1), but this leads to the difficulty of
accurate detection of microbial growth. We tried to solve this

conundrum here by quantifying microbial community cell
numbers in closed batch system over time by means of flow
cytometry coupled to a cell-type population recognition pipeline
(i.e., CellCognize) (Özel Duygan et al., 2020). This allowed us to
identify near real-time changes in absolute counts of cell-type
populations within diverse microbial communities in comparison
to no-carbon controls. Previously shown its usefulness for
quantifying biodegradation of low concentrations of standard
pollutants (e.g., phenol and 1-octanol) and fragrances in natural
communities (Özel Duygan et al., 2021), this method was also
valuable for assessing biodegradation of antibiotics. The observed
specific community and subgroup increases, and corresponding
chemical concentration measurements are strong indications that
there is utilization of ampicillin, erythromycin, chloramphenicol,
and sulfomethoxazole as growth substrates in the range of
0.1–1 mg C l−1 by members of natural environmental
communities such as in freshwater or activated sludge.

Obviously, the difficulty with community growth studies at
low substrate dosages is to provide a conclusive link between
changes in cell population abundances and productive substrate
utilization; in this case, the metabolism of the antibiotics. Instead
of deducing cell population changes from relative abundances
from typical 16S rRNA gene amplicon sequencing, the flow
cytometry-based CellCognize pipeline used here gives absolute
abundances of cell type populations. This makes it easier to
discern growth of subpopulations within the community
resulting from antibiotic addition compared to background
growth in the no-carbon control. Comparison to no-carbon as
“negative” and phenol as “positive” control showed unequivocally
that there is selective enrichment of specific cell type populations
in response to few select antibiotics (ampicillin, erythromycin,
chloramphenicol or sulfomethoxazole) and inhibition in
response to others, as one would intuitively expect. Antibiotics
effects were also inoculum-dependent. For example, enrichment
was observed with sulfamethoxazole in activated sludge but not in
freshwater communities. The finding that multiple CellCognize-
attributed cell types enriched simultaneously (e.g., ACH and
PVR1 in ampicillin and erythromycin), suggested there may
be multiple principal degraders or cooperating bacteria. In
absence of a complete mass balance, we cannot completely
ascertain that the antibiotics are indeed utilized for growth,
but a rough calculation argues in favour of it. Chemical
measurements suggested 30% (for erythromycin and
sulfomethoxazole) to 100% (ampicillin, some freshwater
replicates) parent compound disappearance, equivalent to a
net community increase of 3–7 × 105 cells ml−1, and
equivalent in some cases to the community productivity on
1 mg C l−1 of added phenol. Previous measurements of phenol
productivity in the same system showed mass carbon yields of
20% at 1 mg C l−1 dosage (Özel Duygan et al., 2021), which, when
extrapolated, would indicate 6–20% yields for erythromycin or
sulfomethoxazole and ampicillin, respectively. This would
indicate at least partial utilization of the carbon structure of
the parent compound for biomass formation. Consequently,
although we did not focus on ciprofloxacin chemical
measurements, the unique and selective enrichment of cell
type AJH2 (and some others, Supp. Fig. 4) in freshwater
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incubations with ciprofloxacin up to 104 cells ml−1 would be
indicative for 2% carbon utilization from the parent compound
(assuming similar yields as for phenol). Future studies should
confirm this by investigating stable transformation products of
these antibiotics in order to further elucidate their biodegradation
by natural microbial communities.

Is subsistence on antibiotics widespread? Our results clearly
indicate that this is not the case, at least not at the concentrations
used here, which is similar to conclusions reached in earlier
studies with mixed wastewater inocula (Alexy et al., 2004;
Gartiser et al., 2007; Yang et al., 2019) or soil (Walsh et al.,
2013). Our inocula covered a wide range of taxa from soil (439
OTUs), freshwater (150 OTUs) and activated sludge (151 OTUs).
Even though degrader bacteria might be present at very low initial
numbers, we anticipated we would be able to detect their growth
if there were any. The example of ciprofloxacin in freshwater
inoculum suggests that we would have been able to detect
enrichment of a subpopulation to 104 cells ml−1 in the
community mixture. Even though there was quite a bit of
variation among the target inocula and no “pre-enrichment”
of exposure to antibiotics, this should mean that the fraction
of viable specialist antibiotic degraders (except for the four or five
positive cases detected here) was too low or non-existent.

Of the cases where we detected growth-linked antibiotics
biodegradation, sulfomethoxazole was the most expected, since
its biodegradation is now widely established (Reis et al., 2020a).
However, growth-linked degradation of ampicillin,
chloramphenicol and erythromycin is less well-described,
except in a few studies (Lai et al., 1995; Gartiser et al., 2007;
Pan and Chu, 2016), and suggests that such capacity may be
present more widely. It would be interesting to follow up on this
and attempt to obtain pure cultures of organisms that would grow
on these compounds at low antibiotics concentrations only.
Although we tried and deployed different experimental
strategies (e.g. use of MicroDish® culture chips (Ingham et al.,
2007)), we were unable to isolate pure cultures from the primary
enrichments that continued to grow with the same antibiotics and
at similar dose of 1 mg C l−1. Even subsequent dilutions of
primary enrichment cultures into fresh ALW media did not
lead to consistent further “enrichments”, which is likely due to
the insufficient net growth advantage of potential antibiotic-
degraders upon community dilution in the renewed media
AOC background. We tried to resolve this by looking for and
separating microcolonies on low carbon solid growth media in
presence or absence of the antibiotic. However, even here
opportunistic community members seemed to profit from
background AOC and produce (micro-)colonies, despite the
selective presence of the antibiotic as sole carbon and energy
source. Such opportunistic growth might have also been possible
with synergistic effects of resistant cells protecting those sensitive
cells from antibiotics (Sharma and Wood, 2021). Potential
avenues to enrich further for antibiotics degraders at low
concentrations might be to deploy slow sand filter columns as
in earlier selection studies with chlorinated compounds in the

μg l−1 range (van der Meer et al., 1987) or adapt enrichment
under flow to specifically designed microfluidics platforms e.g.
(Mahler et al., 2018) where cells can be retained while being
exposed to low antibiotics concentrations as sole carbon and
energy sources. Eventually, 13C-labeled compound should be
used to then confirm biomass incorporation and characterize
transformation products.

Finally, most of the antibiotics caused selective inhibition of
community growth and resulted in specific community
composition changes, which were inoculum source- and cell
type-dependent. This is not unexpected (Grenni et al., 2018;
Cycon et al., 2019; Tong et al., 2020) but demonstrates anew the
strong ecological effects exerted by the inhibitory action of the
various antibiotics and thus the care society should be giving to
avoid them entering into the various ecosystems in the first place.
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